Dynamical gauge-Higgs unification is presented in higher dimensional gauge theory, in which both adjoint and fundamental Higgs fields are a part of gauge fields. Dynamical gauge symmetry breaking is induced through the Hosotani mechanism. Gauge theory, including the U (3) × U (3) model, is examined on M 4 × (T 2 /Z 2 ).
Gauge-Higgs unification
Gauge theory in higher dimensions has been studied extensively in which Higgs bosons in four dimensions can be identified with extra-dimensional components of gauge fields. The idea of unifying Higgs scalar fields with gauge fields was first put forward by Manton. [1] In the SU(3) or G 2 gauge theory on M 4 × S 2 , the gauge symmetry breaks down to the electroweak SU(2) L × U(1) Y by nonvanishing field strengths on S 2 , which at the same time induce the instability due to the nonvanishing energy density.
A better scenario is to start with gauge theory on non-simply connected space. It was shown that dynamics of Wilson line phases, which at the classical level give vanishing energies, can induce gauge symmetry breaking at the quantum level. [2, 3] Adjoint Higgs fields in grand unified theories (GUT) are identified with extra-dimensional components of gauge fields. Dynamical symmetry breaking such as SU(5) → SU(3) × SU(2) × U(1) takes place at the quantum level.
Recently the scenario has been elaborated on orbifolds in which boundary conditions play an additional role. Chiral fermions are incorporated and the gauge hierarchy problem in GUT is solved. [4, 5, 6 ] Different sets of boundary conditions, however, can be equivalent through the Hosotani mechanism. Quantum treatment of Wilson line phases becomes crucial to determine the physical symmetry of the theory.
There are two types of gauge-Higgs unification. [7] (i) Gauge-adjoint-Higgs unification
In GUT, Higgs fields in the adjoint representation are responsible for reducing gauge symmetry to the standard model symmetry, SU(3)×SU(2)×U(1). In higher dimensional gauge theory extra-dimensional components of gauge fields serve as Higgs fields in the adjoint representation in four dimensions at low energies. This is the gauge-adjoint-Higgs unification introduced in ref. [2] .
(ii) Gauge-fundamental-Higgs unification Electroweak symmetry breaking is induced by Higgs fields in the fundamental representation. They have another important role of giving fermions finite masses. To unify a scalar field in the fundamental representation with gauge fields, the gauge group has to be enlarged. In Manton's approach, [1] the gauge group is SU(3) or G 2 . In GUT one can start with SU(6) which breaks to
Gauge theory on orbifolds
If Consider SU(N) guage theory on M 4 ×(T 2 /Z 2 ). Let x µ and y = (y 1 , y 2 ) be coordinates of M 4 and T 2 , respectively. y and y+ l a (a = 1, 2) are identified on T 2 where l 1 = (2πR 1 , 0) and l 2 = (0, 2πR 2 ). The Z 2 -orbifolding is obtained by identifying − y with y. There appear four fixed points on T 2 /Z 2 under the parity y → − y ; z 0 = 0,
l 2 , and
Gauge fields satisfy the following boundary conditions. [9]
In gauge theory U a and P j need not be the identity matrix. The only requirement is that physical quantities, particularly the Lagrangian density, should be single-valued on T 2 /Z 2 . Not all of U a and P j are independent;
Similarly fermion fields satisfy
T [U a ]ψ = U a ψ or U a ψU † a for ψ in the fundamental or adjoint representation, respectively. Different sets of boundary conditions can be gauge equivalent. Under a gauge transformation
provided The model [5] is based on a product of two gauge groups U(3) S × U(3) W with gauge couplings g S and g W on M 4 × (T 2 /Z 2 ). U(3) S is "strong" U(3) which decomposes to color SU(3) c and U(1) 3 . U(3) W is "weak" U(3) which decomposes to weak SU(3) W and U(1) 2 . Boundary conditions are given by P 0 = P 1 = P 2 = I S ⊗ diag (−1, −1, 1) W , which breaks SU(3) W to SU(2) L × U(1) 1 at the classical level. By the Green-Schwarz mechanism the symmetry reduces to
The question to be answered is if the electroweak symmetry breaking occurs by the Hosotani mechanism. There are Wilson line phases in the SU(3) W group. They are 
where
The global minimum of the effective potential (6) is located at (a, b) = (1, 1), which corresponds to the U(1) EM ×U(1) Z symmetry. Although the SU(2) L symmetry is partially broken and W bosons acquire masses, Z bosons remain massless. This result is not what we hope to obtain. We would like to have a model in which the global minimum of the effective potential is located at non-integral values of (a, b). Some modification is necessary.
Summary
Dynamical gauge-Higgs unification is achieved in higher dimensional gauge theory. Higgs fields are identified with Wilson line phases in gauge theory. Dynamical symmetry breaking is induced by the Hosotani mechanism. Finding a realistic model along this line is awaited.
